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ABSTRACT
The use of carbon fiber composites is rapidly increasing in the aerospace industry.
Fiber reinforced plastic composites can primarily be classified as thermoplastic and
thermoset, both offer unique advantages over one another. Thermosets cure at relatively
low temperature and in general, are lower priced than thermoplastic composites.
However, the cost of autoclave for the curing of thermosets is a major drawback. On the
other hand, thermoplastics are showing higher damage tolerance. They can be re-melted
and re-consolidated and have the potential to be re-used / recycled. The repair of TP
composites is not developed yet. Therefore, both the types attract various applications in
the aerospace industry. Ideally, it could be advantageous to have zones of thermoplastic
and zones of thermoset composite in a single structural element. Joining thermoplastic
composites to thermoset composites is challenging and the prevailing methods employed
obstructs from realizing the complete potential of these materials, this has led to a greater
emphasis on the improvement and development of specific joining approaches allowing
to get effective mechanical joint properties even when the thermoplastic carbon fiber
composite panel is bonded to a thermoset carbon fiber panel.
This research aims to consolidate thermoplastic and thermoset (epoxy) based
carbon composites in a single structural element by grafting the thermoplastic surface
with Poly(Glycidyl Methacrylate) (PGMA) which would act as a surface activator
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/intermediator and facilitate reliable joint of thermoplastic and epoxy. This would also, in
turn, enable fusion bonding-based assembly of such structures. For successful application
of this concept in primary aircraft structures, a good understanding of what yields reliable
and predictable strength of the bond between the thermoplastic zones (implants) and the
epoxy zones (substrate) in such structural element is required.
To test the hypotheses in this work, PEKK thermoplastic substrate were polymer
grafted with PGMA polymer and were joined (mono grafted co-cured) to TS epoxy plate.
The surface topology and dispersion properties were evaluated using water contact angle
(WAC) measurements before and after each surface treatment of Atmospheric Pressure
Plasma Jet (APPJ). The WCA was used as a measure of surface energy. A design of
experiments approach was used to find an optimum process parameters of plasma
treatment required to achieve consistent surface energy. Using dip coating, PGMA was
grafted on the PEKK based thermoplastic composite panels which then was co-cured with
epoxy to form Single Lap Shear (SLS) coupons and Double Cantilever Beam (DCB) coupons.
Lap shear strength and Mode I Interlaminar fracture toughness G 1c were calculated for
each surface preparation configuration. To further examine and understand the bond,
optical digital microscopy was performed on the joints.
A significant increase in surface energy was observed after the APPJ surface
treatments. The plasma and polymer treated “mono-graft co-cured” specimens showed
higher lap shear strength and fracture toughness energy over the untreated specimens.
Digital microscopy unveiled the bond line cannot be determined and the bond is
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seamless, even at the microscopic level. The study demonstrated that the combined
effect of APPJ and PGMA surface treatment yields higher bond strength for thermoplasticepoxy interface joint.
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CHAPTER 1
INTRODUCTION
The relentless passion of the aerospace industry to enhance the performance of
the aircrafts is driving the development of high-performance structural materials such as
carbon fiber reinforced polymers (CFRP). CFRP composites have grown popular as the
structural material in the aerospace industry specially for wide body aircrafts. This is
primarily because CFRP offer exceptional strength to weight ratios over metals, superior
mechanical properties such as reduced sensitivity to fatigue and corrosion thanks to
recent advances in the composite science and manufacturing techniques [1]–[3].
The reduction in weight of the aircraft increases payload capacity and reduces fuel
consumption which are primary drivers in the commercial aviation market. In 1980, these
composites materials were used to make the first vertical stabilizers and rudders in airbus
aircraft. Initially only some components of the aircraft were made out of composite
materials, Airbus A300/B2 was the first aircraft to have composite fairings in 1970’s.
Between 1970’s and 1990’s airbus was using composites to make elevators VTP box, flaps,
Landing Gear doors, Belly fairing, Ailerons for their A310/300 and A340/300 aircrafts.
Further developments in the manufacturing techniques provided the confidence for the
use of carbon fiber composites in primary airframe structures such as fuselage,
Empennage, and wings [2], [4]. By 2010, nacelle, keel beam, rear bulkhead, J-nose and
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monolithic elevator skin for Airbus A340-600/500 was also made from CFRP. Airbus A350
XWB features entire wings and fuselage made of CFRP (figure 1.1) and by weight is 52 %
made from CFRP. Another example is the Boeing’s 787 Dreamliner, of which 50% of the
weight is CFRP structures [4], [5].

Figure 1.1 Airbus A350 XWB made with 52 % CFRP[4].
The CFRP’s can be classified based on resin types into Thermoplastic matrix
composite (TPMC) and thermoset matrix composite (TSMC). A major difference between
TP and TS materials is with the consolidation process. The TS is cured during the
manufacturing processes whereas TP is already polymerized prior to the prepreg
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manufacturing and is remolded and consolidated into the required part. When cured in
the autoclave, thermoset material undergoes a chemical reaction that completes the
polymerization process, and forms a permanent structure. Because of these key
molecular differences, a thermoplastic part, though, can be re-melted and still maintain
its composition [3], [6]. Both the plastics offer very different advantages over other. The
use of multi material assemblies which include both TSMC and TPMC within a single
composite structure, as through the methods proposed and developed in this research,
can provide multiple advantages including providing the ability to manufacture complex
designs, add the potential for part repair and recyclability, improve design flexibility and
reduce joining costs. This new set of capabilities will provide industry with an optimized
manufacturing method equipping TSMC with the “weldability” of the TPMC [7], [8].
The make a hybrid matric composites it is necessary to develop a reliable and
predictable method to bond the TPMC to TSMC. As the cost associated with joining of
composite components remains one of the major cost drivers, this is mainly attributed to
different characteristics of the composites over traditions metals [9]. The primary
technique currently used for joining composite is mechanical fastening. Alternative
methods include fusion bonding (welding), adhesive bonding and chemical bonding, but
in view of safety considerations, the authorities in aerospace industry require these joints
to be accompanied with rivets and fasteners, resulting in an increase in vehicle weight
and manufacturing cost. The ultimate potential of the composite’s materials can only be
achieved when a rivet/fastener free joint is developed and certified [10], [11], which is
what this research aims to facilitate.
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BACKGROUND: GRAFTING
Any given structure is ultimately as strong as the weakest link in the system. This
is specifically true a co-cured or bonded part with heterogeneous components. The
interface of such a structure is a multiphase polymer system such as co-cured and co
bonded joints, etc. The type of joints are studied in detail in section 2.2.4. A multiphase
polymer system is one that is made of two or more distinct materials. The phases may
differ in chemical composition and or texture. The reliability and functions are primarily
controlled by the strength of the bond being formed at the interface [7], [12], [13] The
progress in the development and manufacturing of multiphase (hybrid composites)
materials is strongly dependent on understanding how to optimize the structure of
interface [7], [14]. Surface modification with the help of polymer grafting is wide used to
tune the surface properties of various materials as this process is scalable and convenient
[15].
An ultrathin polymer layer, with the thickness in the order of nanometers, grafted
on the surface can significantly improve the adhesion between the two materials [16],
[17]. The ‘grafting to’ approach involves a chemical reaction between (end)functionalized polymers and complementary reactive groups on the substrate surface.
Initially, on deposition, the functional polymers react with the surface through formation
of covalent bonds (figure 1.2) [15], [17]. Many of the free reactive units located in the
“loop” and “tails” sections of the macromolecules are not linked to the surface. These
free units act as potential sites for chemical modification reactions, acting as a reactive
site for the attachment of functionalized macro-molecules [17].
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The macro-molecules form multiple connections with the substrate or surface by
one or both ends. There are several parameters that control the grafted layer properties,
such as grafting density, chain length and chemical composition of the chains [18]. Desired
results can be achieved by carefully regulating these properties, which can be predicted
based on theoretical relations [17]. Previous research has experimentally established that
grafted polymer layers improve inter-laminar adhesion at the phase boundary[19].

Figure 1.2 Schematic representation of reactive polymer attached to substrate [17].

RESEARCH FOCUS
The goal of the research presented in this thesis is to develop a hybrid
thermoplastic and epoxy carbon composite in a single structural element through surface
treatment and grafting of the thermoplastic, which would allow fusion bonding based
assembly of these structures (Figure 1.3 and figure 1.4). This could equip TSMC with the
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weldability of the TPMC. Successful application of this concept in the primary aircraft
structures requires predictable and reliable bond strength between TP and TS epoxy.
The research objectives can be summarized in the following research questions:
1. How can atmospheric plasma treatment be used to pretreat thermoplastic prepreg
tapes and consolidated plates to obtain a predictable density of active functional
groups at the surface?
2. How does the grafting affect the bond strength of the PEKK-Epoxy hybrid and is it
repeatable?
3. What is influence of pressure and temperature on bond strength in final co-cure step?
This hybrid polymer approach is expected to result in a stronger and lighter
composite parts. The demand for a reliable technique to bond TPMC and TSMC leads us
to investigate use of intermediate nanoscale interfacial layers for bonding TP and TS parts
in a HPC component.
The type of joint proposed in this research cannot be classified under the
traditional composite bonded joints such as co-curing (It is when both the substrates are
cured at the same time and the joining mechanism is chemically cross linked.), co-bonding
(This is when an uncured substrate is cured with one or more cured substrates.) or
secondary bonding (this is when a previously cured substrate is joint by an adhesive layer
or a film. The joining mechanism at work here is adhesion). Thus, for the purpose of this
research, a two new definitions are introduced: “Mono Grafted Co-Cured Bonding” and
“Bi-grafted Fusion bonding”
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“Mono Grafted Co-cured Bond”
The Mono grafted co-cured bonding is bonding of a thermoplastic to a thermoset
composite by polymer grafting (PGMA) to the TP substrate on one side and co-curing it
with TS laminate.
This process is shown in figure 1.3 Here the TS laminate is uncured and the TP is
consolidated. The grafted polymer co-cures with the thermoset epoxy.

Figure 1.3 Mono Grafted Co-cured TP-TS bond.
“Bi-Grafted Fusion Bond”
Bi-grafted fusion bonding is bonding of two TS laminates by Mono-grafting a cocure bonded TP implant on the TS laminate which are then fusion bonded.
This process is shown in figure 1.4: Here the TS plates have TP implant on the edge.
These TP implants are welded together using fusion bonding.

7

Figure 1.4 Bi-Grafted Fusion bond of TS-TS.

OUTLINE OF THESIS
This thesis is divided into five chapters; and starts with the problem definition,
current alternatives and the proposed idea. the existing literature in the field of hybrid
carbon fiber composites are summarized in chapter 2. In chapter 3, the material used, the
DCB and lap shear test coupon preparation, the surface characterization methods and the
experimental test procedures are explained. The experimental results are evaluated and
interpreted in chapter 4, and the conclusions and recommendations are summarized in
chapter 5 and discusses the recommended scope of future research.
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CHAPTER 2
STATE OF THE ART
The objective of this chapter is to offer an exploration into prior established
research performed on a broad selection of related topics. The fundamental explanation
for the importance of carbon fiber composites is addressed in section 2.1, followed by the
different methods of bonding composites. in Section 2.2. Further, the surface plasma
treatment for composites and surface energy measurements with water contact angles
are reviewed in section 2.3. Finally, the chemical treatment and grafting process is
addressed in section 2.4.

2.1

CARBON FIBER REINFORCED POLYMERS
Aerospace industry requires materials which have superior mechanical properties,

low density, high corrosion resistance, high resistance to fatigue, high thermal stability
and impact resistance. Carbon fiber reinforcement polymers (CFRP’s) meet such highperformance requirements. CFRP is a material which is formed by combining two or more
different materials, and constitutes of a polymer matrix material reinforced with
continuous carbon fibers [3]. The reinforcement gives the strength to the system and the
matrix function as an anchor to hold the reinforcement together. The characteristics of
the polymer can be used to classify CFRP composites into 2 types: thermosetting and
thermoplastic composites [1]–[3]. The thermoset composites contain thermosetting
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epoxy resins, these epoxies adhere to the reinforcing fiber and retain most of their
mechanical properties up to 300 F. Additionally they offer high chemical and moisture
resistance [20]. Although thermosets have all the properties required for their application
in aerospace industry they do show some shortcomings. TS prepregs have a limited shelf
life, anywhere between 2-24 months, depending on the ambient temperatures, even
when stored in freezers. This brings logistics challenges and increases the overall material
handling and storage costs. After curing, TS have a fixed shaped and cannot be re-melted
nor be recycled. Because they cannot be melted, joining thermoset parts by welding is
not an option [3], [20].
Thermoplastic polymers used in industry include plastics such as polypropylene,
polycarbonate, poly vinyl chloride, Poly Ether Ether Ketone (PEEK) and Poly Ether Ketone
Ketone (PEKK). Unlike TS resins, these resins have a glass transition as well as a melting
temperature, and can go from a solid state to a liquid state and back by heating and
cooling. Thermoplastics have a few advantages over thermosets. For instance, TP have
higher impact strength and strain at failure. Thermoplastic resins have virtually unlimited
shelf life and since the TP can be re-melted, they can be joined by welding, recycled by
melting and they allow repair by reconsolidation and welding [3], [6], [20] ,[7], [14].
However, TPC do come with some disadvantages; TPCs have a high viscosity which makes
melt-based manufacturing difficult. The consolidation temperatures of TPCs are very high
compared to the curing temperatures for TSCs which in turn requires specialized
equipment’s that can provide and sustain these high processing temperatures [20], [21].
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TPCs and TSCs offer very different advantages and thus it is advantageous to have
a hybrid structure consisting of TPC and TSCs in a single structural element [14]. TPMC
can be used to make structural components such as stiffeners as the TPMC can be
compression molded and then welded to the skin. For larger parts with geometric
complexities such as fuselages and wings, TSMC can be used as they offer more flexibility
and cheaper manufacturing methods. [8]

2.2

JOINING OF COMPOSITE MATERIAL
The reliability of a structure depends on weakest link in a system, and, in the case

of bonded composites, the joins are often the weakest link.

Joining composite

components is one of the critical steps in manufacturing composite structures and is a
major cost driver because of the different characteristics of CFRP’s over traditional metals
[9]. Composite bond joints can be classified as co-curing, co-bonding and secondary
bonding, we explore these bonds in Section 2.2.4. Major joining technologies that are
used for composites in aerospace applications are mechanical fastening, adhesive
bonding and welding/fusion bonding, they can be further classified as shown in figure 2.1
[11] [21]. Each of the joining methods has certain advantages based on the applications
as discussed below.
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Figure 2.1 Un-reinforced and reinforced TPMC joining techniques [21]–[24].
2.2.1 MECHANICAL FASTENING.
Mechanical fastening is by far the most common and most studied method of
joining composites. Numerous mechanical fasteners are in use for joining composites
namely Anchors, Locking Bolts, Hex bolts, Turnlock fasteners, Rivets and more.
Mechanical fasteners can be permanent (e.g. rivets) as well as non-permanent (e.g. bolts
and nuts). These bonds are strong and robust however they require the subcomponents
of the structure to be have holes drilled into them. Drilling a hole in a composite structure
damages and interrupts the continuous fibers and causes local weakness around the hole
circumference, since these holes introduce stress concentration factors. Additionally, it is
very expensive to have precession drilling on composite structures especially if the part
to be bonded is very large (e.g. the wing of an aircraft, such as the A350 XWB) and the
extra added mass of the rivets makes the overall structure heavier[1], [11], [21].
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2.2.2 ADHESIVE BONDING
Adhesive bonding comprises application of an intermediate layer between two
substrates of similar or dissimilar materials, to join them to create a single structure. The
adhesion refers to the thin interface between the substrate and the adhesive. The main
advantages of adhesive bonding are improved joint stiffness due to continuous bond area
rather than point contact as in mechanical fastening, lower fabrication costs and higher
resistance to fatigue. Adhesive bonding offers reduction in stress concentrations as the
load is more uniformly distributed over the area of entire joint and, unlike mechanical
fastening, the drilling is not required for adhesive bonding and thus the continuous fibers
in the composites are not damaged. It is also possible to bond two dis-similar materials
using adhesives. [22], [25]. However, adhesive bonding has a few limitations as well:
Adhesives may degrade or weaken over time because of the environmental factors such
a moisture and extreme temperature fluctuations, as are often experienced in aircraft.
Quality of adhesive bonds can deteriorate due to surface contaminations, poor interfacial
adhesion, voids or air pockets in the joints [22].
2.2.3 FUSION BONDING
In Fusion Bonding the matrix of TPMC is heated above the glass transition
temperature for amorphous polymers and above the melting point for semi-crystalline
TPs. Once the TP matrix at the interface is in a viscous state, the polymer chains at the
interface inter-diffuse and then cooling the polymer results in fusion of two individual
pieces [26]. The polymer chains at the facing surfaces of the two parts are entangling and
this results in the disappearance of the interface, leading to a cohesive joint between the
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two parts [23]. Though there are multiple methods to perform fusion bonding on TPMCs
the major techniques are Induction welding (Figure 2.2), ultrasonic welding and resistance
welding [27]. The quality that can be obtained with fusion bonding is comparable to
autoclave consolidation [26] as the joints are seamless. Other advantages include that the
fusion bonds are in general stronger than adhesive bonds. Fusion bonding offers weight
reduction when compared to mechanical bonds and are chemical resistant. Also, this
method is less labor intensive when compared to other joining techniques.
Fusion bonding has some drawbacks: The heat generated while welding TPMC
induces residual stress in the joint. These stresses can reduce the strength and
performance of the part. This residual stress problem becomes more predominant when
bonding larger components. Additionally, fusion welding requires a higher capital initial
investment, as the tools and equipment’s required for this process are expensive [23],
[26], [27].

Figure 2.2 Schematic representation of induction welding process[27].
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2.2.4 CLASSIFICATION OF BONDED JOINTS TYPES FOR COMPOSITES
In previous research, [28] Schmid F. and Kruse T. have classified composite
bonding into three different categories based on the state of the composite matrix in the
parts, as can be seen in Figure2.3.
Co-curing: This is when both the substrates are cured at the same time. The matrix of this
structure is homogeneous, and the joining mechanism is chemically cross linked.
Co-Bonding: Cured parts are assembled with uncured parts by having the parts in contact
while curing the uncured parts in the assembly if needed with uncured adhesive films in
between. The joining mechanism between the cured and uncured parts is based on
adhesion. The joining between the uncured parts in the assembly is based on co-curing.
Secondary Bonding: Previously cured parts are joined by an adhesive layer or a film
between those cured parts. The joining mechanism at work here is adhesion.

Figure 2.3 Categorization of bonding processes for TS assemblies [29].
2.2.5 SURFACE TREATMENT
Composites, in general have low surface energies which means the bonded joints
perform poorly. Also, composite parts must be free of all kind of surface contaminants to
have the best bond quality, this is more relevant to fusion bonding and adhesive bonding
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[22], [28]. Multiple studies performed have concluded that plasma treatment is an
extremely promising surface treatment method, and is more effective in removing
contamination and improving the surface energy of composites surface over other
surface treatments such as hand sanding, grit blasting, or chemical treatments [30]–[36].
Therefore, plasma treatment as a surface preparation for bonding is the topic of the next
segment.

2.3

PLASMA SURFACE TREATMENT
Plasma is the fourth state of matter along with solid, liquid and gas. Plasma, is a is

a superheated matter or an energized gas; it is a cloud of a gaseous mixture of positively
charged ions, and negatively charged electrons. It is the most abundant form of matter in
the universe and makes up of about 99% of the visible spectrum of the universe. Even the
stars including our sun are made up of plasma [37], [38]. When an electron is ripped free
from its atom the plasma is created, these atoms with and missing electros are called
‘ions’. These atoms have more positively charged protons then negatively charged
electrons and therefore they are positively charged. On a deeper level, plasma is
described as a gaseous mixture of electrons, neutral atoms, atomic ions, molecular ions
and molecules in an excited state. Upon addition of extra energy to a gas, the electrons
are knocked free from their atoms creating plasma [37], [39].
In solid, liquid and gases states of matter the energy is carried in form of kinetic
energy or heat based on thermodynamic properties. However, plasma carries the energy
that is created upon splitting electrons from their nuclei forming ions, this is why plasma
has high energy even at relatively low temperatures [37].

16

Upon contact of plasma with the substrate/material, the additional energy from
the plasma allows subsequent reaction to take place on the surface of the substrate. By
addition of sufficient energy the phase change from solid to liquid or from liquid to gas
occurs due to energization of the molecules [37], [40]. Plasma alters the surface
properties without altering the bulk properties of the material [38] and the surface
activation occurs when the free electrons from the plasma travel to the substrate [40].
The ions in the plasma create radical sites up to few nanometers below the surface of
composites. Through this process, plasma improves the bond strength by changing the
surface chemistry and increasing the surface roughness Figure 2.4 [31], [40]

Figure 2.4 Basic illustration of the plasma process [41].
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Kusano Y. [42] states that two major effects are observed after surface chemistry
modification by plasma. First is creation of free radicals on the surface of polymers by
cutting C-C and C=H bonds. For certain polymer chains these free radicals would migrate
and form cross-linking. This crosslinking would increase the cohesive strength of the
surface resulting in improved bond strength. Second, the functionalization characterized
by adhesion, printability, hydrophilization and hydrophobization. Here, functionalization
refers to the process of adding new properties and functions to a material by changing
the surface chemistry of a material. By feeding a specific gas into the plasma volume a
required coating can be synthesized on the surface of the polymer. The process is known
as plasma polymerization. Kusano Y. also adds that this coating can serve as a glue and
leads to improved adhesion between the substrate for further bonding.
Plasma surface treatment is used for surface treatment and cleaning of various
materials such a plastic, metals, glass carbon fiber composites, etc. [39], [40] This is
primarily because plasma delivers high surface finish and does not damage the treated
surface, it is easy to automate this process and it is environment friendly. It also offers
high performance at a low cost [30]–[32].
Different plasma variables such as type of gas used, distance between the nozzle
and substrate surface, and exposure time influence the surface energy, wettability,
roughness and adhesion properties of the substrate [43]. An example of the influence of
these process parameters on lap shear strength can be seen in figure 2.5 [32]. In this
example, the distance between nozzle and substrate was 20, 10, 5 and 3 mm, for
processes # 1—4, respectively. The substrate speed was 100 m/min except for parameter
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set #1, where it was 300 m/min. The sample was activated with 10 cycles for parameter
set 1 and #2, and with I cycle for set # 3 and #4 [32].

Figure 2.5 Surface energies (circle), lap shear strengths (square) (for oxygen, carbon and
nitrogen of PET as a function) of different plasma treatment parameters [32].

2.4

ATMOSPHERIC PRESSURE PLASMA
Among the various plasma treatment techniques, the atmospheric pressure

plasma (APP) (Figure 2.5) is most suitable for the surface treatments of the composites as
it is ideal for in-line processing or surface treatment of a small area on a relatively large
part [41]. With APP the plasma beam is produced taking air from the surrounding
atmosphere and feeding this air through a high electric field. It is then directed toward
the targeted surface. The resulting flow is highly energized such that it is enough to break
the molecular bonds leading to creation of free radicals [42]. Application of APP can be
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performed using plasma jet, plasma torch, dielectric barrier discharge and radio
frequency gas discharge [44].

Figure 2.6 Atmospheric plasma torch for the local pretreatment [41].
Based on the percentage of the molecules in the gas that are ionized, the APP can
be classified in thermal plasma and non-thermal plasma. In thermal (high temperature)
plasma, a higher percentage of gaseous molecules are ionized. The temperatures of these
plasma could range upwards of 5000-degrees K, and due to these high temperatures, they
are not always suitable for material processing[39], [44]. With the non-thermal (Cold /low
temperature) plasma, only a small percentage of molecules are ionized [44]. Non thermal
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plasma/ Cold plasma is more preferable as it works at ambient temperatures and
pressures making it very easy to operate. Cold plasma does not cause any temperature
damage or scarring as it has low electron density, however cold plasma has a lower
concentration of free electrons which increases the required exposure time[45].
APP is suitable for pretreatment of parts prior to bonding. The advantages of APP
are fast, localized treatment, high quality surface activation, very low operating costs and
it can be easily automated by attaching the plasma head to a multi axis robot[30], [35],
[43]–[45].

2.5

CHEMICAL TREATMENT

2.5.1 POLYMER GRAFTING PROCESSES
Polymers are materials made of long, repeating chains of molecules. Polymers and
copolymers are composed of very larger molecules, defined as macromolecules. These
macromolecules consist of multiples of simpler chemical units or monomers. Polymers
are macromolecules with a uniform structure whereas copolymers have a heterogeneous
composition[46], where the different monomer units vary across the long
macromolecules
Grafting of polymers refers to the addition of polymer chains onto a surface. Fine
polymer layers grafted to a surface can significantly affect the surface properties such as
adhesion, wettability and friction[17]. Due to the limited interaction with the rest of the
material, these grafted polymer layer alter the surface properties without changing the
bulk properties of the material. The grafting of polymers can be achieved by two methods,
first is “grafting from” and second is “grafting to”. The “Grafting from” method involves
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polymerization initiated on the surface of the substrate by covalently attached initiating
groups. On the contrary the “grafting to” technique involves reaction of (end-)
functionalized polymer molecules with corresponding functional groups positioned on
the surface, resulting in the formation of attached chains[17], [46], [47].
In the “grafting from” method, the number of grafted chains can be controlled by
the number of active sites generated on the surface assuming that each one of them
participates to the formation of one branch. However, mainly because of kinetic and
steric hindrance effects, there may be a difference in the lengths of the produced grafts
[47], [48].
For the ‘‘grafting to’’ approach, a chemical reaction between (end-) functionalized
polymers and corresponding reactive groups on the substrate surface (Figure 2.7) causes
the formation of the graft. To synthesize the reactive polymers, conventional and
controlled radicals, anionic, and other polymerization and copolymerization techniques
can be used. The ‘‘grafting to’’ method has a major advantage over other polymer
attachment techniques (prior to grafting), as the polymer can be thoroughly characterized
via various chemical and physical methods. Additionally, it does not involve elaborated
synthesis procedures and thus this method is less intricate from a chemical
standpoint[17],[47].
However, the primary shortcomings of the “grafting to” method is that the
maximum thickness of the obtained layers is limited to 5-10nm. Basically, ‘‘grafting to’’
process is self-limiting as the polymer chains which must be grafted have to first diffuse
through the existing polymer to reach the reactive sites on the surface. A solution or a
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melt can be used to perform the ‘‘grafting to’’ polymer anchoring, and the anchoring from
a melt will normally result in a higher grafting density due to screening of the excluded
volume interactions [48]. Alternatives for forming a thicker grafted layer, in the order of
10-30nm, is to execute the grafting from a concentrated polymer solution or melt [17].

Figure 2.7 Schematic representation of “Grafting to” method[17].
The macro-molecules form multiple connections with the substrate or surface by
one or both ends. There are several parameters that control the grafted layer properties
such as grafting density, chain length and chemical composition of the chains [18]. Desired
results can be achieved by carefully regulating these properties, which can be predicted
based on theoretical relations. It has been establishing that the grafted polymer layers
can significantly increases the adhesion at the phase boundary. The grafted polymer
layers as a molecular connector for adhesion enhancement has significant potential [7],
[14].
The chemistry of epoxy groups renders a polymer that makes them exceptionally
suitable as a primary surface modifier to provide reactive groups for further grafting
reactions. For this, poly(glycidyl methacrylate) (PGMA) is used extensively as a
macromolecule anchoring layer for grafting of polymers as it contains an epoxy group in
every repeating unit. A study of the deposition of PGMA onto various surfaces revealed
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that the uniform and homogeneous epoxy-containing polymer layer could be placed onto
surfaces by adsorption or dip-coating [17], [49].
2.5.2 Poly(Glycidyl MethAcrylate) [PGMA]
PGMA, is insoluble in water and it has been applied for the efficient modification
of various surfaces using a “grafting-to” method. As discussed earlier this technique
involves reaction of functionalized polymers with complimentary functional groups
located on the substrate surface. Glycidyl methacrylate (GMA) can be copolymerized with
various monomers through solution free radical copolymerization. The GMA unlocks wide
opportunities for post synthesis modifications as the epoxy groups of GMA can react with
nucleophilic groups such as hydroxyl, carboxyl, and amino [50]. As the opening of an
epoxy group generates a hydroxyl group, PGMA can be thermally cross-linked, forming a
stable permanent network layer.

2.6

SURFACE CHARACTERIZATION

2.6.1 WATER CONTACT ANGLE MEASUREMENTS
Surface characterization can be done using various analytical techniques such as
scanning microscopy, x-ray photoelectron spectroscopy, atomic force microscope
microscopy, contact angle analysis and more. Contact angle measurement is one of the
easier ways to characterize a surface. The contact angle is the quantified interaction
between a solid and a liquid and is measured with a liquid droplet on the surface through
the intersection of the liquid, solid, and the air [51], [52].
The difference between two different contact angles, namely static, when
measured at a low speed, and dynamic when liquid-solid-gas contact line is in actual
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motion; the difference being that they are measured with different speed rates. The
dynamic contact angle is equal or very close to the static angle at a low speed. The sessile
drop method is used to calculate the static angle. The sessile drop technique uses a liquid
with a known surface energy, contact angle, and shape of liquid droplet. Dynamic contact
angle is determined by the advancing contact angle (θa) and the receding contact angle
(θr). The advancing angle, bounded by a maximum, is the angle the liquid takes on when
it is dropped on an unwetted solid surface; this is also known as expansion.

In

comparison, the receding angle is the minimum angle that occurs when the liquid is
withdrawn from a previously wetted surface [51], [53] this is also known as the
contracting angle which helps to calculate an estimation of surface energy [51]. The
difference between the advancing and the receding angle is defined by contact angle
hysteresis (H).
𝐻 = θa − θr
Solids of different compositions have different wetting properties and contact
angles which are created when the liquid is resting on the solid. WCA determines the
hydrophilic and hydrophobic properties of the surface, wettability (prompts for better17
adhesion or stronger bonding), and how attracted the molecules of the liquid are to the
surface of the composite.

Figure 2.8 Contact angle forms.
25

If the WCA is larger than 90° then the substance is hydrophobic which indicates
poor wettability, inadequate adhesion, and lower surface energy; if it is smaller than 90°,
it is considered hydrophilic, which constitutes a higher wettability, better adhesiveness,
and higher surface energy [52]–[54]. The contact angle (θ) between the drop and surface
which is defined in Figure 2.8 and has been described by Thomas Young as the intersection
of gas, liquid and solid [34]. The Young-Dupre equation shows the contact angle interfacial
tension relationship and considers the linear correlation between the cosine of the WCA
(cos θ) and the polar component of surface energy (γsv)
𝛾 = 𝛾 − 𝜋 = 𝛾 cos 𝜃 + 𝛾
Here, γsv represents the solid-vapor interfacial tension, πs represents the
spreading pressure of the liquid reduction of solid surface energy coming from the
interaction of the vapor with the wetting liquid, γs represents solid tension, θ represents
the contact angle between the liquid droplets and the charged surface, γ lv represents
liquid-vapor interfacial tension, and γsl represents solid-liquid interfacial tension. The πs
can be rather large for high energy surfaces such as metals; however, for many low energy
surfaces such as composites, the πs can be ignored [49].
2.6.2 SURFACE ENERGY
Surface energy is a measurement of the density of free energy which is
attributed to reactivity on the substrate surface. This is determined by the ions present
on a surface, its hydrogen bonding, and van der Waals forces [52]. Surface energy can be
calculated with the WCA measurement between the composite and the liquid dropped
on the surface. Surface energy directly correlates with the measure of surface
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characterization and can even be a good indicator of adhesive strength. Contaminants on
the surface of a substrate decrease its overall surface energy [54] by occupying various
active sites which have the potential to host surface energy. Contamination on the surface
leeches the habitat from potential surface energy by occupying these active sites. This
leads to a reduction in adhesive strength when surface contamination is increased.
Surface energy cannot be directly measured. Therefore, other measurement methods
must be used to make this calculation through associative relationships [53].

2.7

SUMMARY
TSMC and TPMC offer very different advantages for mechanical and

manufacturing of properties of polymer composites and thus the consolidation of TPMC
and epoxy-based carbon composites in a single structural element is a topic of high
interest.
The grafted polymer layers can significantly increase the adhesion at the polymer
interface. Plasma treatment, which is one of the surface preparation methods increases
the wettability and surface energy without damaging the surface.
This literature review indicates that the polymer grafting, and plasma surface
treatments could increase the interfacial bond strength of the hybrid composite
structure. This would indeed enable the assembly of hybrid thermoplastic-thermoset
components.

27

CHAPTER 3
EXPERIMENTAL APPROACH
EXPERIMENTAL OVERVIEW
For this research the focus is on grafting a nanoscale layer of epoxy containing
macromolecules of PGMA (Poly(Glycidyl Methacrylate)) to the surface of a consolidated
thermoplastic PEKK laminate, which will then be mono graft co-cured along the
thermoset epoxy to create a hybrid PEKK-EPOXY composite structure. Prior to co-curing,
the PGMA polymer is grafted on the thermoplastic using a dip coating technique. The
unreacted epoxy groups in the anchoring layer react with the epoxy in the prepreg and
ensure high, predictable, and reliable adhesion between the TP and TS materials [7], [14].
The process can split up into three major steps. Step one is activation of the PEKK
surface with APPJ. The second step of the process is creation of a nanoscale anchoring
layer of epoxy containing macromolecules (PGMA) on the PEKK surface. The layer is
chemically linked to the surface of PEKK and self-cross-linked via epoxy groups, providing
integrity and stability. Meanwhile, a large amount of unreacted epoxy groups remain
available in the layer for further reactions [7]. The third step is co-curing the grafted TPMC
with the epoxy based composite material in an industrial oven/autoclave and perform
mechanical testing.
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Figure 3.1 Optimum plasma treatment test procedure.

Figure 3.2 PGMA grafting and storage process.
This chapter features the setup of all test equipment and includes all experimental
test procedures that were performed. The material preparation of both the thermoplastic
and thermoset composites is detailed in section 3.2. In section 3.3 the surface
characterization procedure with WCA is described. The open air plasma equipment and
the automation of plasma application techniques is highlighted in section 3.4, while, in
Section 3.5, the process of PGMA grafting is covered. The process of co-curing is explained
in section 3.6. Finally, in section 3.7 and 3.8, This constitutes of the Double Cantilever
Beam test (DCB) and Single Lap Shear (SLS) test to characterized the bond strength of the
joint. Test setups and procedures for the DCB and SLS are explained.
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Figure 3.3 Project flow diagram.
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MATERIAL PREPARATION
3.2.1 THERMOSET COMPOSITE MANUFACTURING
Toray TC380/T800GC Epoxy prepreg from Toray Advanced Composites was used
for this project. TC380 designates the epoxy system and T800 the Carbon fiber. It is a 145
GSM UD prepreg based on 24 k tows, with 34 % resin content [55]. This prepreg is suitable
for out of autoclave cure using vacuum bagging in an oven.
1000 ft. of 10-inch wide UD prepreg tape was delivered in a sealed box with dry
ice. Since TC380 Epoxy has an out life of just 28 days at ambient temperatures it needs to
be stored in a freezer at -18o C [55]. The out life for TS materials is the time it can be stored
at ambient temperatures before it cures. The spool was immediately put in a freezer upon
arrival at our facility. The stacking sequence used for these laminates was [0/45/90 -45]
S2,

about 15 laminates with dimensions of 12” x 8” were stacked. Special care was taken

to ensure the spool was removed from the freezer for only the minimum required time.
The manufacturing was done using hand layup, stacking individual layers (plies) of
thermoset prepregs one layer at a time. Each ply is manipulated into place and them
firmly stuck to the previous ply. Thermosets are tacky and adhere to the tooling base plate
or previous TS layers easily[1], [3], [12], the process is as follows:
The material was cut using a Gerber cutting table (figure 3.4). The cutting
geometry was drafted using AutoCAD 2016 software, after which the .DWG file from
AutoCAD was fed to the Gerber cutting table. The TS material was removed out of the
freezer only after the cutting table was ready. After cutting the required number of plies
the remainder of the spool was stored back in the freezer and the out time was logged.
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Figure 3.4 Gerber cutting table.
Before layup, the work area was first cleaned with acetone. A 316 steel 1/8” thick
plate was used as a base/tool plate. The tool was thoroughly cleaned and wiped with
acetone. Further, seven layers of LOCTITE® FREKOTE 710™ mold release agent were
applied on the plate; to avoid the adhesion of the laminate to the tool. Next, the hand
layup can be started: each ply was stacked according to the defined stacking sequence
and compacted with a compacting roller (shown in figure 3.5). Special care was taken to
make sure no air pockets or voids are left between the plies.
After layup of every 4 plies the stack of plies was vacuum-bagged and de-bulked
(Figure 3.6) at vacuum pressure of 28 PSI for 15 minutes as directed in the data sheet for
the TC380 material [55]. This process was repeated 4 times per laminate to complete the
stacking. After full stacking, the laminate was vacuumed bagged and de-bulked overnight.
The thermoset laminates were Mono Grafted co-cured along with the grafted TP
coupons. This process is further elaborated on in section 3.10.
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Figure 3.5 Roller compaction.

Figure 3.6 Vacuum bag compaction and de-bulking setup
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3.2.2 THERMOPLASTIC COMPOSITE MANUFACTURING
Toray Cetex® TC1320 PEKK from Toray Advanced Composites was employed for
the project. PEKK (Poly-Ether- Ketone-Ketone) is a semi-crystalline polymer. TC1320
comes with a T700 fiber, a resin content of 45% and a GSM of 145 [56]. A 12-Inch UD tape
of TC1320 was used to manufacture seven 16-ply 24”x24” laminates. The stacking
sequence for the thermoplastic laminates was [0/45/90/-45]

S2.

The manufacturing

process is as follows:
To stack the mentioned laminates, again, the hand layup technique was used.
Hand layup is the simplest method for fabricating TP composites [9], [21]. Though, it is
very different from the TS hand lamination process as TPMC are not tacky like TS at room
temperature and thus, TP must be secured by spot tacking. First, 12-inch thermoplastic
prepreg tapes are manually cut using an industrial titanium shear (Figure 3.7) or electric
shear (Figure 3.8) to the required dimensions/geometry.

Figure 3.7 Industrial titanium blade shear.

Figure 3.8 Electric Shear
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The preforms are stacked layer-by-layer according to the stacking sequence,
which is defined according to the Fiber direction coordinate (shown in figure 3.9). Each
ply is anchored to the ply underneath using a high temperature soldering iron. The plies
are tacked at regular intervals (Figure 3.10) to ensure that the orientation of the plies
does not change during handling of the preforms later in the manufacturing process.

Figure 3.9 Fiber direction coordinate system.

Figure 3.10 Pattern for tacking the TP plies with a soldering iron.
After stacking and tagging, the preforms were covered with Upilex bagging and
release film on both sides. It is a heat-resistant polyimide film which is used as mold
release and provides immaculate surface finish for the TPMC [57]. The stack was then
placed between the two Invar-36 caul plates, shown in Figure 3.11.
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Figure 3.11 Assembly diagram for pressing the preforms.
A Wabash Genesis compression molding press was used to manufacture
thermoplastic laminate. The platen on the Hot press/Compression molding machine
(Figure 3.12) and the outer surface of the invar plates were coated with LOCTITE®
FREKOTE 770-NC™ and the preform was placed between the platens of the compression
press. The consolidation cycle used for these laminates was defined by Toray and is listed
below (Table 3.1).
Table 3.1 Cure cycle for the Toray TC1320 PEKK
Material

Recipe
Segment

Segment
Duration (min)

CF/PEKK

1

10

Segment
Temperature
(deg F)
710

2
3
4
5

25
15
60
46

680
650
350
120
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Segment Load (psi)
4.67 (stays
unchanged)
120
120
120
120

Subsequently after the consolidation, the TP laminates (24”x24”) were trimmed
to 6” x 1” coupons using a Flow® WMC2 Waterjet. A total of 150 TP coupons were made.
Additionally, 4 TP laminates were trimmed to dimensions of 12” x 7” for base line tests.

Figure 3.12 WABASH Genesis compression molding equipment.
3.2.3 THERMOPLASTIC COUPON BATCH
A ”Design of experiments”-method was employed to draft an experimental test
plan. Accordingly, four combinations of plasma - PGMA were chosen (Groups 5-8). One
set of test coupons (Group 1) was dedicated to test the optimum test parameter of APP
treatment. Coupons in Groups 2 to 4 consisted of the test specimens used for establishing
the base line for the DCB and lap shear tests. Group 9 was added after analyzing the
results from the group 2-8 to investigate the effect of pressure on the strength of the TPTS joint. The specifications of all test groups are as follows:


Group A: For experimental testing to define the optimum APPJ parameters.
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Group 1: Base line test for TP_TP DCB and SLS tests (untreated).



Group 2: Base line test for TS_TS DCB and SLS tests (untreated).



Group 3: Base line test for TP_TS DCB and SLS tests (untreated).



Group 4: Plasma treated at a low intensity level (6.8W) for 3min.



Group 5: Plasma treated + dip-coated 1% PGMA chloroform solution + annealed for 1
hour at 120 degrees C + Rinsed 1 hour with chloroform.



Group 6: Plasma Treated + dip-coated 1% PGMA (GO) chloroform solution + anneal
for 1 hour at 120 degrees C + Rinsed 1 hour with chloroform.



Group 7: Plasma Treated + dip-coated in 1% PGMA (GO) chloroform solution + anneal
for 1 hour at 120 degrees C + Rinsed 1 hour with chloroform.



Group 8: Plasma Treated + dip-coated in 1% PGMA (GO) chloroform solution + anneal
for 1 hour at 120 degrees C + Rinsed 1 hour with chloroform (cured under higher
pressure)

SURFACE CHARACTERIZATION WITH WATER CONTACT ANGLE
3.3.1 Water Contact Angle (WCA)
WCA indicated the surface energy change but it does not correlate to the level of
functionalization, though it provides a first and very important data point to be analyzed
in context with the subsequent surface characterization and test plan. Contact angle
measurement is one of the easier ways to characterize a surface and the results are
repeatable. Therefore, to measure the surface energy of the thermoplastic plates the
WCA was used. It was measured using the surface analysis device SA3001 by BTG Labs®
(Figure 3.14). The contact angle measurement flow chart is as shown in figure 3.14.
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Figure 3.13 WCA flow chart
This device measures the contact angle of a micro droplet deposited using a
method known as “ballistic deposition”. The diameter of the water droplet and the
volume are used to calculate the contact angle by averaging the established standards for
similar sized droplets [58].
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Figure 3.14 Surface analyst device.
Drop detection using Image recognition is automatically performed by the
equipment. However, every image is required to be manually examined and approved.
When a drop is not detected correctly by the equipment; measurement is rejected as
shown in Figure 3.15. When the drop detection is well defined as shown in figure 3.16 the
CA measurement is accepted and recorded.

Figure 3.15 Bad drop detection.

Figure 3.16 Good drop detection.
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Following procedure in figure 3.13 the WCA measurement was performed to
check the surface energy after the APP treatment. The lower the value of contact angle,
the higher the surface energy. These measurements were used to define optimum plasma
parameters. WCA was measured before and after every APP treatment and PGMA surface
activation. For every test group 5 measurements were recorded, and the average was
taken. WCA results will be further detailed and reviewed in section 4.1.
3.3.2 OPEN AIR PLASMA TREATMENT
An Atmospheric pressure plasma or open-air pressure plasma treatment
equipment by Plasmatreat® was used to surface treat the thermoplastic specimens. The
plasma is produced inside the jet by an electric discharge and expelled out of the nozzle
with the stream of air [42] (refer state of art section 2.3). This plasma provides a chemical
free surface activation.

Figure 3.17 Plasma generator.

Figure 3.18 Plasma Nozzle.
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Table 3.2 Operational parameters for the APPJ.
Working frequency

20 kHz

Power

2 kW

Feed Gas

Compressed air

Feed Gas Flow Rate

2 m^3/hour

Jet Rotation

2800 rpm

Output Voltage Approx.

1 kV

The RD 1004 plasma rotary nozzle, shown in figure 3.18, and FG 5002S plasma
generator, shown in figure 3.17, were used for the surface treatment. Compressed air
was fed into the nozzle as gas. The 14o stainless steel nozzle PTF 2647-2 was used to get
an effective surface treatment exposure area of approximately 1 inch.
3.3.3 PLASMA APPLICATION
To test and demonstrate the plasma treatment, a KUKA KR6 robot was employed
to plasma treat the TP test coupons. This robot can move with at a minimum speed of
0.2mm/sec, which enables precisely controlled exposure times and nozzle distances
during the plasma treatment, even on a complex surface geometry, also the robot can
precisely surface-treat a specific location on a larger TP panel. The plasma nozzle set up
was installed in a vertical downward position as can be seen in the Figure 3.18. A fixture
was designed and installed on the robot to hold the TP PEKK coupons. TP coupons were
loaded on the robot manually, and the robot was programmed to treat them at the
desired nozzle distance and defined exposure time. The Plasma treatment setup is shown
in figure 3.19. With this setup, the nozzle is fixed, and the specimen are mounted on the
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robot. The exposure time of the plasma treatment is the function of relative speed
between the plasma nozzle and the thermoplastic part.
First, the optimum plasma parameters were determined. A “design of
experiment”-approach was followed, and a series of tests were performed on the TP PEKK
coupons to determine a series of parameters which included exposure time, nozzle
distance and treatment overlap and for atmospheric plasma treatment. The DOE is
further explained in detail in Section 4.1.

Figure 3.19 Atmospheric pressure plasma treatment test setup.
After all the parameters were well defined, the APP treatment process cycle, as
shown in figure 3.13, was used to surface treat all specimens. After the plasma treatment,
all the samples were wrapped in aluminum foil to prevent surface contamination.
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3.3.4 PGMA DIP COATING
The PGMA polymer layer on the surface of a thermoplastic coupon was deposited
by dip-coating. According to different configurations, four groups of coupons were grafted; the
procedure used was as follows:



Group 5: Plasma treated at a low-intensity level for 3min.



Group 6: Plasma-treated samples as above were dip-coated in 1% PGMA chloroform
solution. About half of each sample was covered. The coupons were air-dried
overnight and then annealed for 1 hour at 120 degrees C. Finally, the coupons were
rinsed for 1 hour with chloroform, air dried, and packed in aluminum foil.



Group 7: PGMA powder was prepared, and GO was deposited on the powder. The
method for this was that the PGMA powder was mixed with water, and the aqueous
GO solution was mixed with the PGMA dispersion and shaken for four hours. The
PGMA-GO-water mixture was then dried to obtain PGMA-2%GO powder. Then this
powder was added to chloroform to obtain 1% [PGMA-2%GO] solution in chloroform).
Plus 2% GO per dry PGMA. After drying, 1% PGMA solution was prepared in
chloroform. Plasma-treated samples as above were dip-coated in 1% PGMA (GO)
chloroform solution. About half of each sample was covered. The coupons were airdried overnight and then annealed for 1 hour at 120 degrees C. Further coupons were
rinsed for 1 hour with chloroform, air dried, and packed.



Group 8: PGMA powder was prepared and GO/PGMA-OEGMA-LMA was deposited on
the powder. The method for this was that an aqueous GO solution and PGMAOEGMA-LMA were mixed in 1:2.5 ratio in a water environment. The dispersion was

44

shaken for four hours. Then this dispersion was added to PGMA powder in water and
shaken for four hours. The PGMA/GO/PGMA-OEGMA-LMA/water mixture was dried
to obtain PGMA-2%{1GO-2.5PGMA-OEGMA-LMA} powder. (Here, [oligo (ethylene
glycol) methyl ether methacrylate] OEMGA, Lauryl Methacrylate (LMA) and graphene
oxide GO are co-polymers). Then the dried mixture was added to chloroform to obtain
1% [ PGMA-2%{1GO-2.5PGMA-OEGMA-LMA}]) plus 2% GO per dry PGMA. After
drying, 1% PGMA solution was prepared in chloroform. Fresh plasma-treated samples
as above were dip-coated in 1% PGMA (GO) chloroform solution. Again, about half of
each sample were covered. The coupons were then air-dried overnight and then
annealed for 1 hour at 120 degrees C and later rinsed for 1 hour with chloroform, air
dried, and packed in aluminum foil.
3.3.5 CO-CURING AND TEST COUPON PREPARATION
After the plasma and PGMA grafting was performed on the thermoplastic
coupons; they were mono grafted co-cured along the thermoset laminate. For monografted co-curing; the thermoset substrate laminate was stacked as discussed in the
section 3.2.1. Then, based on the test configuration (either DCB test or SLS test), the
Plasma-PGMA grafted TP PEKK coupons were placed on the uncured thermoset preform
as shown in figure 3.20 and figure 3.21 for single lap shear specimens and for DCB coupons
in figure 3.22, respectively.
Since the lap shears joints must be co-cured, stainless steel spacers were added.
The steel spacers used had a thickness 2mm which was marginally less than that of the
anticipated consolidated thickness of the 16-ply epoxy laminate which, in this case, was
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2.2 mm thick. The plasma-PGMA grafted thermoplastic coupons were placed on the
thermoset (substrate) laminates such that the overlapping area of the thermoplasticepoxy interface is 1 sq. inch, shown in Figure 3.20 & Figure 3.21.

Figure 3.20 Single laps shear coupon setup.

Figure 3.21 Single laps shear coupon setup post Co-cure.
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Figure 3.22 DCB coupon manufacturing configuration.

Figure 3.23 A Vacuum bagged manufacturing setup.
For the DCB Coupons a Upilex film insert is placed on top of the epoxy plate and
then the thermoplastic coupons are placed on top of it. The width of the Upilex insert is
exactly 63mm, this is to adhere to the ASTM 5528 standard. The Upilex film is used as a
site for the initial delamination meant to initiate the crack for the crack propagation in a
DCB test coupon [59]. The thickness of the Upilex insert is approximately 10 μm. The
insert is secured using a high temperature Kapton® Polyimide Film Tape and the
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thermoplastic coupons are placed such that one edge of the coupons approximately
aligns with the insert. This process is shown in figure 3.22.

Figure 3.23 B Vacuum bagged setup (Before curing in oven).

Figure 3.23 C Vacuum bagged setup (Before curing in oven).
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The vacuum bagging processes is the same for both test coupons types. A breather
material was placed on top of the DCB / SLS pile, and the setup was sealed (Figure 3.23 A,
B&C). The bag was checked for leaks and then debulked for 1 hour before running the TS
curing cycle as shown in Figure 3.24. After debulking the curing cycle, as suggested by the
Toray TC380 material data sheet[55] , shown in Figure 3.24, the cycle was run in the oven.

Figure 3.24: Cure cycle TC380 [55].

Figure 3.25 Cutting of the SLS and DCB test coupons.
49

After the cure cycle was completed the laminates were trimmed to individual 6” x
1” coupons using Kobalt® KWS S10-06 diamond saw, see Figure 3.25. The edges of the
laminates were sanded on a Scotch-Brite® belt sander. Further, the coupons were wiped
with acetone and prepared for DCB and SLS testing (Section 3.4).

Figure 3.26 DCB coupons after the co-curing and initial trimming.

TEST COUPONS SPECIFICATION AND PREPARATION
3.4.1 DCB TEST COUPONS ASSEMBLY AND TEST PROCEDURE
DCB specimens with an Upilex insert on the mid-plane of the laminate was
compared with the ASTM standard. As per the standard, specimen length is at least 125
mm (5.0 in), the standard width is 20 to 25 mm (0.8 to 1.0 in) and the standard laminate
thickness is 3 to 5 mm (0.12 to 0.2 in) [59]. All coupons were checked if they complied
with the ASTM standard. The ASTM standard also states that Mode 1 loading can be
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applied to the test coupon through metal blocks or piano hinges [59] (Figure 3.27). For
this research, 316 stainless steel hinges of dimensions 25mm x 12.5 mm were used. Two
hinges per coupon were bonded to DCB coupons with 3M Scotch-Weld™ Epoxy Adhesive
DP410. Special C-clamps were used to secure the hinges until the adhesive cured (Figure
3.28 A&B). The hinges were attached on the side of the coupon where the insert remains
(figure 3.27). Next DCB coupons were painted with white acrylic paint along the long edge.

All dimensions in mm

Figure 3.27 DCB test coupon specifications according to ASTM 5528.

Figure 3.28 (A) DCB Coupons with hinges.

Figure 3.28 (B) DCB test batch c-clamp.
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3.4.2 MODE 1 DOUBLE CANTILEVER BEAM TEST (DCB)
The DCB tests were performed on a MTS® criterion testing machine with a 50 KN
load cell and wedge action grips. DCB is an experimental testing method to calculate
Mode 1 inter-laminar fracture toughness of a CFRP.
The DCB test procedure, as stated in the ASTM standard 5528 [60], is as follows:


The initial delamination length from the load line to the end of the insert was
measured, the standard initial delamination length is 50 mm.



Both edges of the specimen were marked just ahead of the insert, then the first 5 mm
from the insert with thin vertical lines every 1 mm were marked. The remaining 45
mm were marked with thin vertical lines every 5 mm.

Figure 3.29 DCB coupon loaded on an MTS testing machine.
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A Nikon D3100 digital single lens reflex (DSLR) camera with a macro lens was mounted
in front the specimen such that the camera was focused on the interface to observe
the progression of delamination front during the test (Figure 3.29). Then the DSLR was
connected to the computer via Elgato Cam Link 4K (Figure 3.30). (Cam Link is an HDMI
tethering device that connects high-definition link video feed from DSRL to
computer[61])



Subsequently the OBS studio software was used to simultaneously record the feed
from the DSLR and the MTS software. (Open broadcaster software or OBS is an opensource video recording software[62])

Figure 3.30 MODE 1 fracture toughness DCB testing setup.


The opening load was applied at a constant crosshead rate of 2 mm/min until an
increment of the delamination crack of 3 to 5 mm was observed.
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The specimen was unloaded at a constant crosshead rate of 25 mm/min. The position
of the tip of the pre-crack on both edges was marked.



The specimen was reloaded again at the same initial constant speed of 2 mm/min.
Now, the load and displacement values were recorded continuously on MTS Test Suite
TW Elite software at as many delamination lengths increments possible in the first 5
mm, ideally every 1 mm then every 5mm until 50 mm of crack propagation. The
𝐺 was calculated using this recorded data.



The specimen was unloaded at a constant crosshead rate of 25 mm/min and then
again loaded until the specimen failed completely to record the failure mode.

3.4.1 SLS TEST COUPONS ASSEMBLY AND TEST PROCEDURE

Figure 3.31 Batch of lap shear coupons with tabs.
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Single Lap Shear (SLS) tests were performed on the thermoplastic-epoxy co-cured
SLS coupons using MTS® testing machine. SLS is an experimental testing method derived
to measure peak failure loads and average lap shear stress at failure of bonded SLS
specimen [60]. Tests were performed according to ASTM standard 5868[60]. For this
project FR-4 Epoxy Fiber glass tabs of dimension of 2” x 1” were cut and bonded on the
far edges of the SLS coupons using 3M Scotch-Weld™ Epoxy Adhesive DP410. The tabs
were approximately of the thickness equal to the thermoplastic laminate as can be seen
in figure 3.31, this helps to get the plane of shear in line with the loading axis while testing
the coupons in the MTS machine[63].

Figure 3.32 SLS coupon loaded on an MTS testing machine.
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3.4.3 SINGLE LAP SHEAR TEST FOR CFRP (SLS)
The SLS test procedure is simple when compared to DCB tests. The Lap shear test
procedure was performed as stated in the ASTM standard 5568 and is as follows:


The test specimen was loaded on the MTS® testing machine. The MTS Test Suite TW
Elite software was used to record the Load displacement data (figure 3.32).



The load was applied at a constant crosshead rate of 2 mm/min until the specimen
failed.



The peak load and the cross-section area and the failure mode were recorded. This
data is further used to calculate lap shear strength and stress throughout the test.

MICROSCOPY OF THE THERMOPLASTIC-EPOXY HYBRID INTERFACE
Digital microscopy imaging of the hybrid composite joint was Performed. This was
done to better understand the hybrid joints and to check for defects and voids on a
microscopic scale. A process of casting, polishing and digital imaging was conducted. The
step-by-step procedure of obtaining the sample and imaging using a Keyence VHX 5000
digital microscope is stated below.
An adequate sample from the co-cured Hybrid composite panel was obtained to
conduct the study. A sample of 1” x 1.5” was cut using a band saw to obtain a suitable
cross section to fit into a silicone casting mold. A silicone mold as shown in Figure: 3.33
was used to house the sample during the casting process. To secure the sample within
the silicone mold metal specimen clips were used to keep the samples upright during the
resin casting procedure.
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Figure 3.33 Silicon mold and Metal clips
Next, a two-part epoxy was used to cast the sample inside the silicone mold. A
10:1-part ratio was used for the epoxy-hardener mixture, as defined on the packaging; 2
drop red dye per 100 ml of epoxy was added to enhance the contrast during the imaging
of the samples. After pouring the epoxy mix into the silicone molds with the composite
sample secured, the samples were allowed to set for 24 hours.
The samples were taken out from the mold and was polished until the resin is
transparent and the sample has a glass-like finish. To achieve this, a multitude of
decreasingly course sanding disks are used, as shown in Figure 3.34). The sample was first
ground down using 120 grit and 320 grit sandpaper to achieve flat and straight edges on
the sample and eliminate any excess epoxy leftover from casting. Once the sample was
ground down: 600, 800, and 1200 grit sanding disks were used respectively. Next,
polishing disks with 5- and 3-micron polishing compound were used to attain scratch free
and completely transparent surface finishes for best image quality.
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Figure 3.34 Sanding and polishing disks.
The microscopy was done with a Keyence VHX 5000 microscope. The sample was
placed on the imaging platform after calibrating the XY stage. The Keyence VHX 5000
comes with two microscope lenses: the VH-Z20R which has zoom capabilities of 20x to
200x; and the VH-Z500R which has zoom capabilities of 500x to 5000x[64]. These highresolution zoom lenses allow quality imaging even at the 5-micron level of detail [64].
The Automatic Image Stitching capability of the Keyence equipment was used to
get a high level of detail over a larger sample area. Image stitching utilizes the area input
provided by the user to stitch multiple images together. Following page 242 of the VHX5000 user manual[64]: Select stitching from the VHX menu, click 2D image stitching, select
method for image stitching: Stitch after specifying the area and Start stitching [64]. The
resulting image is shown in Figure 3.35.
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Figure 3.35 Example microscopy imaging results.
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CHAPTER 4
RESULTS AND DISCUSSION
In this chapter, the experimental results are presented and analyzed. First, the
results for the optimum plasma parameters are summarized, followed by how the plasma
treatment and polymer grafting process have affected the SLS strength and the Mode 1
Inter-laminar fracture toughness by studying the results of the SLS tests and DCB tests
respectively. Finally, the microscopic images of the co-bonded hybrid joint are analyzed
and reviewed with respect to joint quality.

4.1

EFFECT OF TREATMENT ON WATER CONTACT ANGLE (WCA)
Surface characterization is a vital process in determining the effect of surface

treatment and analyzing the surface energy on the composite surface. The surfaces of all
the untreated, pristine samples were analyzed. The average WCA measurements results
of a pristine sample was found to be 67o. After samples were wiped with acetone, the
contact angle reduced to an average of 42o, so the surface energy increased and
therefore, a higher joint quality was already expected. The results did indicate a large
variation in the WCA (figure 4.1). These wiped specimens were then used as basis for the
APP study, which is discussed in the next section.
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Figure 4.1 Plot for the WCA before and after acetone wipe.
4.1.1 Variable exposure time test of APP.
Exposure time during plasma treatment is considered as one of the major factors
influencing the surface condition. Ten thermoplastic PEKK coupons were prepared by
cleaning them with acetone and the surface energy of the coupons was checked using
contact angle test. Next, the coupons were surface treated with atmospheric plasma for
varying exposure times, between 1 second and 90 seconds, at selected intervals as shown
in figure 4.2. After the plasma exposure, the surface energy of the PEKK coupons was
again measured through WCA. The plasma treatment process was elaborated in Figure
3.13.
A sharp decrease in the contact angle was observed after the APP treatment
ranging between 14.3o and 9.3o for a wide range of exposure times. The lowest contact
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angle of 9.3o was recorded after 90 seconds of APPJ exposure. As reviewed earlier, contact
angle is correlated to surface energy: the lower the WCA, the higher the surface energy
and therefore better bond quality The distance of the Plasma nozzle to the surface of the
PEKK Coupons was constant at 1.5 inches. The results of the variable exposure tests are
summarized in figure 4.2 (further, sample size is 3 and spread can be seen in Appendix B).
Data from experiments suggests that overall, the surface energy decreases as the
exposure time increases, but the effect is relatively small relative to the large exposure
time. Form these test results, it can be expected that the distance of nozzle from the
surface is playing a significant role and therefore, the effect of nozzle distance from the
surface was evaluated next.
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Figure 4.2 Plot for the WCA vs the exposure time
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90

4.1.2 Nozzle distance from the surface
To determine what the optimum distance between the nozzle of the plasma head
and the surface of the PEKK coupons should be, an experiment was set up where the
nozzle distance was varied ranging from 0.25” to 2”. The coupons were prepared the
same as for the previously mentioned tests. The coupons were plasma treated at a
constant exposure time of 5 seconds at 5 different nozzle distances, as can be seen in the
table 4.2. After each test, the contact angle was measured to determine the surface
energy. From figure 4.3 and Appendix B, it can be observed that for an exposure time of
as low as 5 seconds, high surface energy can be obtained.
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63

The surface energy reduces as the distance is increased further to a point where
no change in surface energy with respect to the untreated specimen was observed for the
5 second exposure time. This started to be apparent as the distance between the
specimen and the nozzle started to exceed 1.5”. Therefore, for optimal APPJ treatment
of specimen, the nozzle distance is to be below 1.5”, with lower distances resulting in
lower contact angles and thus higher surface energy. The lower limit for this was not
observed, but there is a point where the practicality of lowering the distance even further
becomes prohibitive for the manufacturing process. Therefore, the minimum nozzle
distance that was practically achievable was set to 0.25”.
4.1.3 Variable exposure time with nozzle distance of 0.25”
Samples were tested for varying plasma exposure time between 30 seconds and
120 seconds, with the reduced distance of 0.25” between the plasma nozzle and the PEKK
surface. From Figure 4.4 and Appendix B, the minimum possible contact angle (0 degrees)
[58] which can be considered as highest surface energy is achieved with shorter exposures
compared to the previous exposure test (Figure 4.2). It can be seen in figure 4.5 that the
contact angle equipment is not able to detect or define the boundary of the water droplet
as the water droplet is completely dispersed over the surface almost immediately after
the ballistic deposition of the water droplet by the WCA equipment.
This clearly quantifies the influence of the exposure time of APP and the plasma
nozzle distance from the surface on the surface energy of PEKK. Understanding the
technical relevance of this information is important if the plasma treatment process were
to be scaled for larger panels or assembly processes in industry. A nozzle distance of 0.25”,
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and exposure time of 30 seconds was selected as the optimum parameters for the plasma
treatment, as they provide the optimal balance between manufacturing feasibility (the
nozzle distance is not too close to the part or too far), and the exposure time still provides
a good surface energy for the joint. Though, as mentioned earlier, it should be noted that,
while the CA indicated the surface change it does not correlate to the level of
functionalization, it does provide a first and very important data point to be analyzed in
context with the subsequent surface characterization and test plan.
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Figure 4.4 WCA vs exposure time at constant Nozzle distance from surface (0.25”).

Figure 4.5 Contact angle not defined (WCA cannot be determined as water droplet
spreads over the surface and is completed absorbed into the surface).
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4.2

MECHANICAL TESTING
The strength of the co-cured PEKK-epoxy hybrid joints was evaluated by two

destructive mechanical testing methods: Mode 1 Inter-laminar fracture toughness (DCB)
and single lap shear test (SLS). SLS tests are relatively easy to preform and require
considerably less preparations than DCB, thus SLS tests were performed on all the test
groups and the DCB tests were only performed on those test groups which showed
promising results in the SLS tests.
The mechanical testing was performed on the following 8 groups:


Group 1: Base line test for TP_TP (untreated).



Group 2: Base line test for TS_TS (untreated).



Group 3: Base line test for TP_TS (untreated).



Group 4: Plasma treated 30 sec exposures at 0.25” Nozzle distance.



Group 5: Plasma treated + dip-coated 1% PGMA chloroform solution + annealed for 1
hour at 120 degrees C + Rinsed 1 hour with chloroform.



Group 6: Plasma Treated + dip-coated 1% PGMA (2% Graphene oxide/PGMA)
chloroform solution + annealed for 1 hour at 120 degrees C + Rinsed 1 hour with
chloroform.



Group 7: Plasma Treated + dip-coated in 1% PGMA (GO/GMA-OEGMA-LMA)
chloroform solution + annealed for 1 hour at 120 degrees C + Rinsed 1 hour with
chloroform.



Group 8: Plasma Treated and cured under higher pressure at 50 psi.
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4.2.1 LAP SHEAR TESTS
The SLS tests were performed on all the 8 groups mentioned in section 4.2. The
experiment consisted of 5 samples in every test group. Initially 3 groups of untreated
coupons; (1) Thermoset-Thermoset, (2) Thermoset-Thermoplastic (3) Thermoplasticthermoplastic were tested to establish a base line for the desired results.

Figure 4.6 Load displacement curve for SLS TS-TS specimen.
These tests were used to establish a benchmark for the required bond strength
improvements for the plasma treated and grafted specimens. The failure loads were
directly recorded from the MTS Elite software. The Load displacement curve for the SLS
coupon can be seen in Figure 4.6 and Appendix C. To calculate the average lap shear
strength, the peak load (P) is divided by the overlap interface area (A) of the lap shear test
coupon. The average peak load for the Group 2 TS-TS co-cured batch was 7.3 kN and the
average SLS strength was 12.2 MPa. The average peak load and SLS strength for the Group
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3 TS-TP was recorded as 4.1kN and 5.61MPa respectively. Lastly, testing the Group 3 TPTP showed an average peak load of 25kN and SLS as 38.23 MPa (figure 4.7 and figure 4.8).

Figure 4.7 Average lap shear failure loads values of groups 1-8.
The mono grafted co-cured bond is required to be stronger than the TS-TS bond.
The TS-TS bond failed at the average lap shear strength of 12.2MPa and was measured as
a benchmark.
Average lap shear strength for Group 4 was recorded to be 11.66 MPa which is
about 105.6 % increase over group 3 specimens, which had an average lap shear strength
of 5.67 MPa. Groups 5 – 7 showed an increase in lap-shear strength to 11.67 MPa for
group 5, 11.55 MPa for group 6 and 11.65 MPa for group 7 over group 3. It can be

68

observed that group 4 to group 7 show a similar increase in lap shear strength. From the
theory, the PGMA grafted mono graft co-cured specimens were expected to be stronger
then plasma treated specimens because of all the additionally available functional groups
after the PGMA grafting of the thermoplastic. To check for the role of pressure during the
cure cycle, group 8 was plasma treated and mono graft co cured at a pressure of 50 psi.
The average shear strength recorded for group 8 was 12.98 MPa, which is an additional
13 % increase in the average lap shear strength over the group 4-7 and a total of 131.37%
increase over the untreated TP-TS hybrid bonded specimens.

Figure 4.8 Average lap shear strength values of groups 1-8.
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The average lap strength of groups 4-7 was found to be within 10% of the range
of TS-TS co-cured bond and the Group 8 bond was recorded to be stronger than Group 1
TS-TS co-cured bond. The average lap shear strength of the group 1 as mentioned earlier
is 12.20MPa, which is about 6.34 % less than the Group 8. Based on the results from the
SLS tests, Group 5 and Group 7 and Group 8 were selected for additional DCB testing.

Figure 4.9 Lap shear coupon after failure groups 8.
4.2.2 DOUBLE CANTILEVER BEAM (DCB) TEST
The Mode 1 Interlaminar fracture toughness (𝐺 ) was experimentally derived by
performing DCB test. Initially 3 groups of untreated coupons; (1) Thermoset-Thermoset,
(2) Thermoset-Thermoplastic (3) Thermoplastic- thermoplastic were joined and tested to
established a baseline for the desired results. Experiments were derived by conducting a
DCB, and 5 test coupons per test configuration were tested. The load displacement curve
per test coupon (C1 = test coupons 1 and so on) was plotted for all the tests performed,
as shown in for example for the TP-TP baseline in Figure 4.9.
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Figure 4.9 Load displacement curve for DCB TP-TP baseline tests.
The modified beam theory equation was then used to calculate the interlaminar
fracture toughness (𝐺 ) using the following equation:
𝐺

=

3Pbδ
2b(a +|∆|)

Here P is the applied load, b is the specimen width, δ is the load point displacement, a is
the delamination length (Crack length), and Δ is the crack length correction factor [54].
The |∆|, is determined from the experimental data. A regression plot of the cube root of
the compliance, C1/3 versus the crosshead displacement is generated. The compliance (C)
is the ratio of load point displacement to load applied. The compliance is calculated as
follow [59]:
C= δ/P

71

The | ∆ | is defined as the X intercept of the slope-intercept equation plotted for
cube root of compliance vs the crosshead displacement (figure 4.11). By substituting y=0,
the value of the x intercept was calculated [59].

Figure 4.11 C1/3 vs δ for TS_TS Baseline test.
The average Mode 1 interlaminar fracture toughness 𝐺

was calculated for the

groups 1-3 to establish the benchmark and also to verify that the DCB results were
calculated accurately. To verify the DCB results, the 𝐺

values calculated were compared

with the composite material manufacturers data sheet [56]. The average 𝐺 recorded for
Group 1 was 1.09 KJ/m2 , which is only slightly lower than the 1.25 KJ/m2 from to the data
sheet. This difference can be attributed to human error as the test data was recorded
rather manually. The benchmark for the fracture toughness was established with respect
to the TS-TS and was measured to be 0.47 KJ/m2, as can observed in figure 4.12. The
fracture toughness for group 2 TP-TP and group 3 TS-TP was found to be 1.09 KJ/m 2 and
0.37 KJ/m2 respectively. It can be observed from figure 4.11 that all three groups show
improvement over the group 3 TP-TS untreated test samples. The fracture toughness
recorded for group 5 was 0.53 KJ/m2 from 0.36 KJ/m2 for group 3 untreated coupons
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which is about a 42% increase in the fracture toughness. A significant bump of 80.5 % in
the fracture toughness was observed with the group 8 DCB testing at 0.65 KJ/m 2 over the
group 3 samples. The fracture toughness (𝐺 ) group 7 and 8 increased by 38% over the
fracture toughness values of Group 2. Results demonstrate that the average fracture

Mode 1 interlaminar fracture toughness G1C ,KJ/m2

toughness was improved and the 𝐺

were consistent.
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Figure 4.12 Mode 1 Interlaminar fracture toughness 𝐺 , KJ/m2
It should be noted that the DCB testing is much more variable than typical SLS
testing, and the spread in the results of the data was high. This can mainly be attributed
to human errors while recording the data and nature of quasi isotropic coupons
redistribute loads in somewhat unpredictable manners as it can be observed in figure
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4.12. It is therefore recommended to repeat the experiments with a much larger sample
size, such that the accuracy can be increased.
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Figure 4.13 Mode 1 delamination resistance curve (R curve) for Group 1
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Figure 4.14 Mode 1 delamination resistance curve (R curve) for Group 2
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The Mode 1 delamination resistance curves (R curve) presented in Figure 4.13 and
Figure 4.14, It can be observed from these plots that specimens followed a similar
resistance curve.

Figure 4.15 Mode 1 DCB coupons after failure.
This section demonstrates that treated coupons have a much higher lap shear
strength and greater delamination resistance than the untreated ones. This shows
improved bond strength, thus it can be stated that APP and polymer grafting improved
the average shear strength and fracture toughness.

4.3

MICROSCOPY
Optical digital microscopy was performed on the mono grafted co-cured TS-TP

hybrid composite sample. The microscopic images for this sample are shown in Figure
4.16 and figure 4.17.
It can be observed form the microscopic imaging that it is not possible to
differentiate the TP from the TS, even microscopically. The side view (figure 4.16) and
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section view (figure 4.17) of the joint are shown. No physical bond line can be observed
as one may observe with the adhesive bonding. The transition between the TS and TP
appears to be homogenous and consistent. The microscopy also revealed the presence of
voids in the thermoset. (Figure 4.18 figure 4.19).

Figure 4.16 Microscopy image of TP-TS join at 5000X zoom.

Figure 4.17 Microscopy image of TP-TS join 1000 X.
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Figure 4.18 Microscopy image of TP-TS join (Top part is TP and Bottom part is TS).

Figure 4.19 Microscopy image of TP-TS Interface.
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CHAPTER 5
CONCLUSION AND FUTURE WORK
Fusion bonding of thermoset composite can be achieved by bonding
thermoplastic implants on the surface of the thermoset composite parts that are required
to be joined, which can then be fusion bonded together with thermoplastic joining
processes. Since the degree of TP-TS interfacial adhesion depends on a number of physical
and chemical aspects, understanding of these factors is very critical for successful
application of this idea. This research explores a potential technique that enables BiGrafted fusion bonding of thermoset composites. In this research, the interfacial adhesion
between TP-PEKK and epoxy was significantly increased by mono grafted co-curing after
polymer grafting the TP surface with a layer of epoxy-containing macromolecules.
APP was used to enhance the surface energy of PEKK based thermoplastic
composite to enable and improve PGMA grafting to the thermoplastic surface and
subsequent pre-curing and co-curing with other treated TS or TP parts. The effect of the
APP was analyzed by WCA and the interfacial bond strength of the untreated and plasmaPGMA treated composites have been evaluated with single lap shear stress (SLS) tests and
Mode 1 interlaminar fracture toughness (DCB) tests.
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5.1 CONCLUSION
The water contact angle was measured with a surface analysis device, and is used
as an indicator of surface energy. The optimum plasma treatment parameters (exposure
time and distance from the nozzle to the composite surface) were derived based on these
WCA measurements. A decrease of the WCA indicates an increase in surface energy and
higher hydrophilicity. Higher surface energy and hydrophilicity are desired for a good
grafting process, as the APP alters the surface chemistry increasing the polar component
of the surface by opening up the C=C and C=H bonds on the surface of the PEKK and
insertion of functional groups of C-OH, C=O leading in an increase in adhesion strength.
This opens up room for the creation of a nanoscale anchoring layer of PGMA containing
macromolecules. The analysis of the results of the average lap shear strength tests and
Mode 1 fracture toughness testing has shown a threefold increase in the average lap
shear strength and a 2-fold increase in the fracture toughness over the untreated
samples. However, it must be noted that, for the DCB testing, the crack propagation is
not stable and thus the calculation of the fracture energy is resulted in a large standard
deviation.
When comparing the results of all the configurations, the APP treatment alone
gives similar results to the polymer grafting. In theory the PGMA surface treated mono
graft co-cured specimens were expected to be stronger then plasma treated specimens
because of additional available functional groups after the PGMA grafting of the
thermoplastic and it is possible that the grafted coupons must be mono graft co-cured at
higher pressures for improved bond strength. Although no static-strength improvements
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were observed, grafting could still be necessary for the longevity of the bond strength.
Further environmental testing and high pressure mono graft co-curing tests will be
necessary to evaluate the effect of the grafting on the joint under those environmental
and lifecycle conditions. From the increase in the mechanical properties it is evident that
the bond strength between PEKK and Epoxy has improved significantly by the process
employed.
5.2

FUTURE SCOPE OF WORK
Though this study shows promising results, various factors must be further

explored in order to have a reliable and predictable bond. The degree of TP-TS interfacial
adhesion depends on a number of physical and chemical aspects, additional studies are
required to completely understand these factors as it is very critical for successful
application of this research and to further improve the bond strength in this work.
For instance, the process should be applied to a larger variation of thermoplastics,
including for example LM PAEK, PEI and PEEK to verify if the proposed method works for
another thermoplastic than PEKK. This will help expand the application where this work
may be of value. The effect of temperature and fatigue must also be evaluated to check
if the bond strength deteriorates at extreme temperatures or fluctuations, as are
expected in the life of an aircraft.
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The next important factor that must be observed is how do environmental factors
such as air humidity, salinity or other conditions affect the bond strength over longer
periods of service life or during the manufacturing process and inspect and how the level
of cross-linking can be quantified. Finally, a lot of value can be obtained by exploring how
the grafting process setup (including the APP) can be scaled up for industrial application
and implementation.

81

REFERENCES
[1]

C. Soutis, “Fibre reinforced composites in aircraft construction,” Progress in
Aerospace Sciences, vol. 41, no. 2. Elsevier Ltd, pp. 143–151, 2005, doi:
10.1016/j.paerosci.2005.02.004.

[2]

F. H. Froes, “Aerospace Materials for the Twenty-First Century.”

[3]

M. Favaloro, “A Comparison of the Environmental Attributes of Thermoplastic vs.
Thermoset Composites.”

[4]

G. Marsh, “Airbus takes on Boeing with reinforced plastic A350 XWB,” Reinforced
Plastics, vol. 51, no. 11, pp. 26–29, Dec. 2007, doi: 10.1016/S0034-3617(07)70383

[5]

Airbus.com2021_Airbus,“https://www.airbus.com/newsroom/news/en/2017/08
/composites--airbus-continues-to-shape-the-future.html.” .

[6]

S. Deng, L. Djukic, R. Paton, and L. Ye, “Thermoplastic-epoxy interactions and their
potential applications in joining composite structures - A review,” Composites Part
A: Applied Science and Manufacturing, vol. 68. Elsevier Ltd, pp. 121–132, 2015, doi:
10.1016/j.compositesa.2014.09.027.

[7]

T. Demir, I. Luzinov, M. van Tooren, and M. Center, “INTERFACIAL ENGINEERING
OF HYBRID PEKK-EPOXY COMPOSITE STRUCTURES.”

[8]

M. Abouhamzeh and J. Sinke, “Effects of fusion bonding on the thermoset
composite,” Composites Part A: Applied Science and Manufacturing, vol. 118, pp.
142–149, Mar. 2019, doi: 10.1016/j.compositesa.2018.12.031.

[9]

R. Curran et al., “Modelling of aircraft manufacturing cost at the concept stage,”
International Journal of Advanced Manufacturing Technology, vol. 31, no. 3–4, pp.
407–420, Nov. 2006, doi: 10.1007/s00170-005-0205-8.

[10]

G. certification of bonded composite primary structures. C. W. 2014 Gardiner,
“https://www.compositesworld.com/articles/certification-of-bonded-compositeprimary-structures,” 2014.

82

[11]

S. D. Thoppul, J. Finegan, and R. F. Gibson, “Mechanics of mechanically fastened
joints in polymer-matrix composite structures - A review,” Composites Science and
Technology, vol. 69, no. 3–4. Elsevier, pp. 301–329, Mar. 01, 2009, doi:
10.1016/j.compscitech.2008.09.037.

[12]

R. P. Wool, “Polymer Interfaces: Structure and Strength, Hunser/Gardner,” 1995.

[13]

G. E. M. B. p. 16 J. T. Koberstein, “Polymer Surfaces and Interfaces,” Jan. 1996.

[14]

A. ’ 15, T. Demir, I. Luzinov, M. van Tooren, and M. Center, “Aerospace Structures
and Materials TOWARDS NANOSCALE ENGINEERING OF THERMOPLASTIC-EPOXY
COMPOSITE INTERFACSES TOWARDS NANOSCALE ENGINEERING OF
THERMOPLASTIC-EPOXY COMPOSITE INTERFACSES.”

[15]

N. Borodinov et al., “En Route to Practicality of the Polymer Grafting Technology:
One-Step Interfacial Modification with Amphiphilic Molecular Brushes,” ACS
Applied Materials and Interfaces, vol. 10, no. 16, pp. 13941–13952, Apr. 2018, doi:
10.1021/acsami.7b19815.

[16]

L. J. Norton et al., “Effect of End-Anchored Chains on the Adhesion at a
Thermoset-Thermoplastic
Interface,”
1995.
[Online].
Available:
https://pubs.acs.org/sharingguidelines.

[17]

B. Zdyrko and I. Luzinov, “Polymer brushes by the ‘grafting to’ method,”
Macromolecular Rapid Communications, vol. 32, no. 12. pp. 859–869, Jun. 16,
2011, doi: 10.1002/marc.201100162.

[18]

B. Zhao and W.
macromolecules.”

[19]

C. Creton, H. R. Brown, and K. R. Shull1, “Molecular Weight Effects in Chain
Pullout,” 1994. [Online]. Available: https://pubs.acs.org/sharingguidelines.

[20]

J. D. Muzzy and A. 0 Kays, “Thermoplastic vs. Thermosetting Structural
Composites.”

[21]

I. Martin, D. Saenz del Castillo, A. Fernandez, and A. Güemes, “Advanced
Thermoplastic Composite Manufacturing by In-Situ Consolidation: A Review,”
Journal of Composites Science, vol. 4, no. 4, p. 149, Oct. 2020, doi:
10.3390/jcs4040149.

[22]

N. Encinas et al., “Surface modification of aircraft used composites for adhesive
bonding,” International Journal of Adhesion and Adhesives, vol. 50, pp. 157–163,
Apr. 2014, doi: 10.1016/j.ijadhadh.2014.01.004.

J.

Brittain,

“Polymer

83

brushes:

surface-immobilized

[23]

C. Ageorges, L. Ye, and M. Hou, “Advances in fusion bonding techniques for joining
thermoplastic matrix composites: A review,” Composites - Part A: Applied Science
and Manufacturing, vol. 32, no. 6, pp. 839–857, Jun. 2001, doi: 10.1016/S1359835X(00)00166-4.

[24]

“Joining thermoplastic composites,” Composites, vol. 20, no. 6, p. 600, Nov. 1989,
doi: 10.1016/0010-4361(89)90926-9.

[25]

D. G. dos Santos, R. J. C. Carbas, E. A. S. Marques, and L. F. M. da Silva,
“Reinforcement of CFRP joints with fibre metal laminates and additional adhesive
layers,” Composites Part B: Engineering, vol. 165, pp. 386–396, May 2019, doi:
10.1016/j.compositesb.2019.01.096.

[26]

M. Hou, L. Ye, and Y.-W. Mai, “An Experimental Study of Resistance Welding of
Carbon Fibre Fabric Reinforced Polyetherimide (CF Fabric/PEI) Composite
Material,” 1999.

[27]

J. P. Reis, M. de Moura, and S. Samborski, “Thermoplastic composites and their
promising applications in joining and repair composites structures: A review,”
Materials, vol. 13, no. 24. MDPI AG, pp. 1–33, Dec. 02, 2020, doi:
10.3390/ma13245832.

[28]

T. A. Schmid Fuertes, T. Kruse, T. Körwien, and M. Geistbeck, “Bonding of CFRP
primary aerospace structures – discussion of the certification boundary conditions
and related technology fields addressing the needs for development,” Composite
Interfaces,
vol.
22,
no.
8,
pp.
795–808,
Oct.
2015,
doi:
10.1080/09276440.2015.1077048.

[29]

L. Moretti, P. Olivier, B. Castanié, and G. Bernhart, “Experimental study and insitu FBG monitoring of process-induced strains during autoclave co-curing, cobonding and secondary bonding of composite laminates,” Composites Part A:
Applied Science and Manufacturing, vol. 142, p. 106224, Mar. 2021, doi:
10.1016/j.compositesa.2020.106224.

[30]

B. G. Cho, S. H. Hwang, M. Park, J. K. Park, Y. bin Park, and H. G. Chae, “The effects
of plasma surface treatment on the mechanical properties of
polycarbonate/carbon nanotube/carbon fiber composites,” Composites Part B:
Engineering,
vol.
160,
pp.
436–445,
Mar.
2019,
doi:
10.1016/j.compositesb.2018.12.062.

[31]

N. Encinas et al., “Surface modification of aircraft used composites for adhesive
bonding,” International Journal of Adhesion and Adhesives, vol. 50, pp. 157–163,
Apr. 2014, doi: 10.1016/j.ijadhadh.2014.01.004.

84

[32]

“Plasma jet treatment of five polymers at
surfacemodifications and the relevance for adhesion.”

[33]

I. Sarikaya, “Plasma Surface Functionalization of AFP Manufactured Composites
for Improved Adhesive Bond Performance,” 2019. [Online]. Available:
https://scholarcommons.sc.edu/etd.

[34]

S. Tiwari and J. Bijwe, “Surface Treatment of Carbon Fibers - A Review,” Procedia
Technology, vol. 14, pp. 505–512, 2014, doi: 10.1016/j.protcy.2014.08.064.

[35]

E. Mcaleavy, B. G. Falzon, and D. Quinn, “THE EFFECT OF SURFACE TREATMENTS
ON THE BEHAVIOUR OF ADHESIVELY BONDED, THERMOPLASTIC COMPOSITE LAP
JOINTS.”
[Online].
Available:
http://www.qub.ac.uk/mechaerohttp://www.qub.ac.uk/mechaerohttp://www.q
ub.ac.uk/mechaero.

[36]

A. Schütze, J. Y. Jeong, S. E. Babayan, J. Park, G. S. Selwyn, and R. F. Hicks, “The
Atmospheric-Pressure Plasma Jet: A Review and Comparison to Other Plasma
Sources,” 1998.

[37]

K. Burm, “Plasma: The Fourth State of Matter,” Plasma Chemistry and Plasma
Processing, vol. 32, Apr. 2012, doi: 10.1007/s11090-012-9356-1.

[38]

R. Li, L. Ye, and Y. W. Mai, “Application of plasma technologies in fibre-reinforced
polymer composites: A review of recent developments,” Composites Part A:
Applied Science and Manufacturing, vol. 28, no. 1, pp. 73–86, Jan. 1997, doi:
10.1016/S1359-835X(96)00097-8.

[39]

S. Eliezer and Y. Eliezer, “The Fourth State of Matter An Introduction to Plasma
Science Second Edition.”

[40]

W. Taylor and B. Welt, “Technical Synopsis of Plasma Surface Treatments,” 2009.

[41]

henniker
plasma,
“https://plasmatreatment.co.uk/pt/plasma-technologyoverview/plasma-treatment-explained,” henniker plasma, Mar. 2021. .

[42]

Y. Kusano, “Atmospheric pressure plasma processing for polymer adhesion: A
review,” Journal of Adhesion, vol. 90, no. 9. Taylor and Francis Inc., pp. 755–777,
Sep. 02, 2014, doi: 10.1080/00218464.2013.804407.

[43]

E. Bozaci et al., “Effects of the atmospheric plasma treatments on surface and
mechanical properties of flax fiber and adhesion between fiber-matrix for
composite materials,” Composites Part B: Engineering, vol. 45, no. 1, pp. 565–572,
Feb. 2013, doi: 10.1016/j.compositesb.2012.09.042.

85

atmospheric

pressure

[44]

H. Yu, “Application of Atmospheric Pressure Plasma in Polymer and Composite
Adhesion,” 2015.

[45]

G. M. Elaragi and H. S. Elaraby, “Characterization of an Atmospheric-pressure Cold
Plasma Jet.” [Online]. Available: www.ijeas.org.

[46]

T. A. Sherazi, “Graft Polymerization,” in Encyclopedia of Membranes, L. Drioli
Enrico and Giorno, Ed. Berlin, Heidelberg: Springer Berlin Heidelberg, 2016, pp.
886–887.

[47]

S. Minko, “Grafting on Solid Surfaces: ‘Grafting to’ and ‘Grafting from’ Methods,”
2008, doi: 10.1007/978-3-540-73864-0_11.

[48]

H. Kaneyoshi, Y. Inoue, and K. Matyjaszewski, “Synthesis of Block and Graft
Copolymers with Linear Polyethylene Segments by Combination of Degenerative
Transfer Coordination Polymerization and Atom Transfer Radical Polymerization,”
Macromolecules, vol. 38, no. 13, pp. 5425–5435, Jun. 2005, doi:
10.1021/ma050263j.

[49]

M. Jonsson, D. Nyström, O. Nordin, and E. Malmström, “Surface modification of
thermally expandable microspheres by grafting poly(glycidyl methacrylate) using
ARGET ATRP,” European Polymer Journal, vol. 45, no. 8, pp. 2374–2382, Aug. 2009,
doi: 10.1016/j.eurpolymj.2009.05.002.

[50]

N. Borodinov et al., “En Route to Practicality of the Polymer Grafting Technology:
One-Step Interfacial Modification with Amphiphilic Molecular Brushes,” ACS
Applied Materials and Interfaces, vol. 10, no. 16, pp. 13941–13952, Apr. 2018, doi:
10.1021/acsami.7b19815.

[51]

A. Calvimontes, “The measurement of the surface energy of solids by 1 sessile
drop accelerometry 2,” 2017, doi: 10.20944/preprints201708. 0062.v3.

[52]

L. Hart-Smith, D. Brown, and S. Wong, “Surface Preparations for Ensuring that the
Glue Will Stick in Bonded Composite Structures,” 1998.

[53]

A. D. Gilpin, B. R. Oakley, and R. G. Dillingham, “Water contact angle as a
quantitative measure of total polyethylene surface energy,” Journal of Adhesion
Science and Technology, vol. 29, no. 9, pp. 890–895, May 2015, doi:
10.1080/01694243.2015.1006906.

[54]

E. O. Kutscha et al., “Contamination and Surface Preparation Effects on Composite
Bonding,” 2017.

[55]

“Toray_TC380.”https://www.toraytac.com/productexplorer/products/sbY3/TC38
0

86

[56]

“Toray Cetex ® TC1320 PEKK PRODUCT DATA SHEET,” 2019. [Online]. Available:
www.toraytac.com.

[57]

“SPECIALTY PRODUCTS UPILEX-S.” [Online]. Available: http://www.ube.de.

[58]

S. AnalystTM, “SURFACE ANALYSTTM USER MANUAL Operation Manual,” 2017.
[Online]. Available: http://btglabs.com.

[59]

Z. Raheem, Standard Test Method for Mode I Interlaminar Fracture Toughness of
Unidirectional Fiber-Reinforced Polymer Matrix Composites 1. 2019.

[60]

“ASTMD5868 - Lap shear testing of Adhesively bonded CFRP parts .”

[61]

“Elgato 4k cam link,” https://www.elgato.com/en/cam-link-4k, Apr. 14, 2021. .

[62]

“OBS studio,” https://obsproject.com/, Apr. 15, 2021. .

[63]

“Tabbing Guide for Composite Test Specimens,” 2002.

[64]

“VHX-5000 User’s Manual 96M13026.”

87

APPENDIX A
STANDARDIZATION FLOWCHARTS

Figure A.1 Mono grafting co-curing bonding process flowchart
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Figure A.2 WCA test flowchart
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APPENDIX B
CONTACT ANGLE RESULTS

Figure B.1 The WCA measurements for different exposure time of APP.
Exposure of 5 seconds
Distance from Plasma Nozzle Contact Angle Before. Contact Angle After.
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Figure B.2 Plasma Nozzle distance from surface.
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Figure B.3 WCA vs Exposure time at 0.25” nozzle distance.
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APPENDIX C
LAPSHEAR LOAD DISPLACEMENT PLOTS
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Figure C.1 SLS Group 4 load displacement plots.
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Figure C.2 SLS Group 5 load displacement plots.
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Group 6 SLS Test
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Figure C.3 SLS Group 6 load displacement plots.
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Figure C.4 SLS Group 7 load displacement plots.
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Group 8 SLS Test
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Figure C.5 SLS Group 8 load displacement plot
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